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Introduction
The roe deer is widespread in the Palaearctic and in continental Asia, and includes two polytypic species (Grubb 1993; Danilkin 1996) : the European roe deer ( Capreolus capreolus ) and the Siberian roe deer ( C. pygargus ). The two species have different body sizes, morphometric traits and karyotypes (Sokolov & Gromov 1990; Danilkin 1996) . Mitochondrial DNA (mtDNA) sequences and the available fossil record suggest that Siberian and European roe deer separated at the Pliocene/Pleistocene boundary and have evolved independently for about 2-3 million years (Randi et al . 1998) .
The evolutionary history of the European roe deer during the last 2 or 3 million years is not known. As for several other animal and plant species in Europe, however, the last Pleistocene glaciation probably had a major impact on its population history (Taberlet et al . 1998; Hewitt 1999) . Analysing the mtDNA variability in 40 individuals, Wiehler & Tiedemann (1998) suggested that the roe deer retreated during the last glacial period to a single western Mediterranean refugium, and subsequently colonized the continent from west to east. Central-southern Italy represented a possible additional refugium during the last glaciation, and some isolated populations now found in this area, described as the endemic subspecies Capreolus capreolus Correspondence: G. Bertorelle, Dipartimento di Biologia, Università di Ferrara, Via Borsari 46, 44100 Ferrara, Italy. Fax: + 39 0532249761; E-mail: ggb@unife.it italicus (Festa 1925) , could represent the direct descendents of populations from that refugium (Randi et al . 1998) .
In recent times, roe deer populations in the southwest of Europe have been affected by habitat fragmentation and restocking for hunting purposes. In Italy the roe deer, which was distributed in a nearly continuous pattern in plains, hills and mountain forests, was almost completely eradicated in the Alps and in most of the northern and central Apennines by the mid-1900s. Overhunting and habitat change to cultivated land were the main factors threatening roe deer populations in Italy and western Europe (Perco & Calò 1994) . Small remnant populations of putatively native roe deer survived in a few localities in the eastern Alps and in central-southern Italy.
During the last 30 years, roe deer have been reintroduced in the western Italian Alps and the Apennines, mainly using stocks from the eastern Italian Alps, central Europe and the Balkans (Lorenzini et al . 1997; Randi et al . 1998) . It is not always clear, however, if present day populations descend only from reintroduced animals, from local ancestors, or both. In contrast, roe deer in the eastern Italian Alps seems to represent a native Alpine population. In this area, expansion of local populations and/or immigration from neighbouring countries (Austria, Slovenia) contributed to the establishment of a large population without introductions.
Habitat fragmentation due to natural processes or human activities, together with restocking using distantly related source groups, usually results in divergence among local populations. Morphological, ethological and ecological variation has been observed among roe deer groups (Sokolov & Gromov 1990; Danilkin 1996) , but the extent of genetic diversification and phylogeographical structuring is not known. Electrophoretic markers (Hartl & Reimoser 1988; Lorenzini et al . 1997 ) and mtDNA data (Randi et al . 1998; Wiehler & Tiedemann 1998) suggest some degree of genetic divergence between populations, but only small samples or limited geographical areas have been analysed so far.
In this paper we analyse the patterns of genetic variability and differentiation in the largest available sample of mtDNA sequences of the European roe deer, compiled by integrating published data with new sequences from Italian and Spanish populations. From an evolutionary perspective, we aim to understand the history of this species in Europe and the phylogenetic position of the populations of the Alps and central Italy, including the group identified as the subspecies C. c. italicus . We also consider some practical implications of this analysis, such as the possibility of identifying the impact of human hunting and reintroduction activities on genetic variability and its geographical distribution. These implications are of primary interest when implementing conservation and management strategies (Caughley & Gunn 1996; King & Burke 2000) .
Materials and methods

Samples
A total of 90 individuals were sampled and sequenced in this study. Tissue samples were collected by hunters during the hunting season and kept at − 20 ° C until used. We integrated our data with 70 sequences that were already available (Randi et al . 1998; Wiehler & Tiedemann 1998) . Therefore, the data set analysed consists of 160 sequences, with geographical origins shown in Fig. 1 . NonItalian samples, identified by country names and with sample sizes and sampling sites in parenthesis, were: Norway (five; Lier), Poland (five; Czempin), France (five; Vosges), Slovakia (five; Sitno), Hungary (one; Szentendre), Bulgaria (five; Silistra, Shume, Gabrovo, Sliven), Slovenia (five; Grosuplje), Austria (five; Steiermark) and Spain (11; Segovia, Toledo, Extremadura, Burgos, Cadiz). The Italian samples are from the following areas: Liguria (17), Sondrio (two), Asiago (four), Monte Bondone (five), Trento (11), Tarvisio (five), Trieste (one), Siena (15), Florence (19), Castelporziano (17) and Arezzo (17).
DNA extraction, amplification and sequencing
DNA was extracted from hair (five or six roots per individual) or tissue samples (about 1 -2 g) incubated overnight at 37 ° C in 500 µ L of extraction buffer (Tris-HCl pH 8 10 m m , ethylenediaminetetraacetic acid 2 m m ) with 0.125 mg of Proteinase K. Tissue remains were removed by centrifugation and the DNA was extracted from the supernatant with a standard phenol/chloroform protocol (Sambrook et al . 1989) . DNA was purified and concentrated by centrifugal dialysis using Microcon-30 microconcentrators (Amicon).
The primer pair L-Pro/H-16493 (5' CGTCAGTCTCAC-CATCAACCCCCAAAGC 3', 5' TGAGATGGCCCTGAA-GAAAGAACC 3'; Douzery and Randi 1997) was used to amplify, by polymerase chain reaction (PCR), one fragment of approximately 400 base pairs belonging to the first hypervariable domain of the mtDNA control region (Dloop). Amplification reactions were performed in a 20-µ L volume containing Tris-HCl, pH 8.8, 67 m m (NH 4 ) 2 SO 4 16 m m , Tween-20® 0.01% (v/v), 1.5 m m MgCl 2 , 200 µ m of each dNTP, 25 pmol of each primer, 1 U Taq DNA Polymerase (Polymed) and 2 µ L template DNA. After an initial step of 94 ° C for 3 min, 35 cycles of amplification were performed in a programmable thermal cycler (MJ Research PTC 150); each cycle being 94 ° C for 15 s, 55 ° C for 1 min and 72 ° C for 1 min.
The amplified DNA product was separated in a 2% lowmelting agarose gel (Boehringer Mannheim Corporation). The appropriate band was excised and after elution (1 : 25) with distilled water, 1.5 µ L of product was used in a second amplification using the same primers. The reaction consisted of 30 cycles as follows: denaturation at 94 ° C for 45 s, annealing at 59 ° C for 45 s, and extension at 72 ° C for 45 s.
Double-stranded products were purified by centrifugation with Sepharose gel CL-6B (Pharmacia AB) and sequenced using an automated ABI Prism 377 DNA sequencer (Perkin Elmer Corporation). The sequencing amplification was carried out in a 20-µ L volume reaction: 8 µ L of Big Dye Terminator mix (Perkin Elmer Corporation), 90 ng of purified PCR product, 3.2 pmol of H-16493 primer and 3.8 µ L of distilled water. The cycle-sequencing programme consisted of a step of 94 ° C for 3 min and 25 cycles at 94 ° C for 10 s, 56 ° C for 5 s, 60 ° C for 4 min. The dye-labelled PCR products were purified with ethanol/ sodium precipitation. Sequences were aligned using Clustal X ( Thompson et al . 1994 ) and rechecked by eye.
Data analysis
Genetic relationships among sequences were summarized by a statistical parsimony cladogram (Templeton et al . 1992) . Recurrent mutations are not uncommon in the hypervariable region of mtDNA, and the reconstruction of a single most likely or most parsimonious evolutionary tree is often impossible. Several methods have been developed to represent different trees in a single phylogenetic network (Huber et al . 2001) . Using different criteria, each method tries to resolve likely parallel events, but also retains character conflicts (in the form of reticulations) when ambiguity remains. Major genetic clusters, as well as possible areas of ambiguity, can therefore be identified. The statistical parsimony method (Templeton et al . 1992 ) joins all pairs of haplotypes having a probability of parsimony (i.e. the probability of having no unobserved mutations) greater than 0.95.
The genetic divergence between populations was analysed by several different methods. The analysis of molecular variance ( amova , Excoffier et al . 1992 ) subdivides the genetic diversity into hierarchical components and estimates the indices Φ , which are molecular equivalents of Wright's F statistics (Wright 1951) . The statistical significance of variance components and Φ indices is evaluated by randomization (see Excoffier et al . 1992) . Pairwise comparisons between all populations were also performed using Φ ST and the average net number of substitutions (Nei 1987) . The average net number of substitutions is a genetic distance specific for population divergence events, because it considers the average number of pairwise substitutions between groups purged by the estimated number of substitutions occurring in the common ancestral group. . The size of each pie is proportional to the sample size. The southern limit of the permafrost at the end of the last ice age (18 000 before the present) is indicated by the dotted line. Individuals from Siena, Arezzo, Florence, Trento, Hungary and Spain were typed in this study. Individuals from Sondrio, Monte Bondone, Asiago and Trieste were typed by Randi et al. (1998) . Individuals from Tarvisio, Austria, Slovenia, France, Bulgaria, Norway, Slovakia and Poland were typed by Wiehler & Tiedemann (1998) . Finally, some individuals from Castelporziano and some from Liguria were typed in this study, and the others by Randi et al. (1998) .
A neighbour-joining (Saitou & Nei 1987 ) population tree was reconstructed using the matrix of genetic distances between populations. The effect of the sampling variance (probably very high in some samples with limited size) on the tree topology was analysed following a bootstrap technique. One thousand pseudo-data sets were generated by randomly resampling individuals (with replacement) within each sample. In this way, 1000 trees were reconstructed, and only the consensus tree with the bootstrap values was reported.
Genetic distances between mtDNA haplotypes were estimated assuming a Kimura two-parameter model, with deletions weighted as transversions and the weights estimated from the relative proportion of different mutations. The well-known heterogeneity of mutation rates across mtDNA sites was taken into account assuming a gamma distribution of rates (Hasegawa et al . 1993) , with parameter α = 0.28. The value for α was estimated by maximum likelihood (Yang 1994) , starting from a phylogenetic tree reconstructed from the hypervariable region of the mtDNA in eight cervids (data in Douzery & Randi 1997) .
Divergence times between groups were estimated using the method proposed by Gaggiotti & Excoffier (2000) . This method, based on the net number of substitutions between populations, is able to remove the possible effects of bottlenecks and unequal population sizes. For the translation of mutational units into years, we omitted the sites with indels and we assumed minimum and maximum substitution rates per site per million of years of 0.04 and 0.08, respectively. These values bracket several calibrated estimates for the most variable mtDNA regions in mammals (Randi et al . 1998) .
Finally, two neutrality tests, Tajima's D (Tajima 1989) and Fu's F S (Fu 1997 ), were applied. Under the assumption of neutrality, these tests can identify the effects of demographic changes. Statistical significance is evaluated simulating random samples using the coalescent approach (Hudson 1990; Schneider et al . 2000) . For both statistics, a demographic expansion produces large negative values. The F S test seems to be particularly sensitive to this phenomenon (Fu 1997) .
Several computer packages have been used for the computations: tcs (Clement et al . 2000) , arlequin (Schneider et al . 2000) , Phylip (Felsenstein 1989) , and paml (Yang 1997). In addition, a program was written to resample individuals within localities and compute bootstrapped distances between populations.
Results
Sequence analysis
A total of 49 different haplotypes (see Table 1 ) and 41 polymorphic sites were found among the 160 mtDNA sequences considered (length of the consensus region: 342 base pairs), with 41 substitutions (35 transitions, six transversions) and four indels.
The statistical parsimony network contains some loops between haplotypes (Fig. 2) , indicating that recurrent mutations occurred at some nucleotide sites. Nevertheless, this analysis suggests the presence of a strong phylogeographic structure in the roe deer. Two major groups of sequences separated by at least three substitutions can be identified: cluster A, mainly associated with all western and central European populations, and cluster B, typical of the easternmost populations. On the basis of their geographical origin and their genetic similarity, haplotypes in cluster A can be further subdivided in three subclusters, called A1, A2 and A3.
The network group A1, which is identified by its starlike shape, is geographically associated with the Florence and Arezzo areas. Almost all (10/11) haplotypes in this cluster are found in that region (eight of them occur only there), and all 36 individuals sampled had sequences classified as cluster A1. None of the remaining populations or regions in Europe analysed here is as clearly characterized by cluster A1.
Cluster A2, which is directly connected through a transition and an insertion to the haplotype most frequently found in the Alps (haplotype 16 in Fig. 2 ), corresponds almost perfectly to the Siena and the Castelporziano reserve samples. This group of sequences is important because it includes all 17 individuals from the Castelporziano reserve, usually classified as the subspecies Capreolus capreolus italicus , but also 12 out of 15 individuals in the Siena sample.
Cluster A3 is the most geographically widespread group of sequences in our sample. The reticulations within this cluster prevent the identification of a clear internal structure, but it appears evident that several haplotypes in this cluster, separated only by a few mutations, are found in areas as far apart as Spain, France, Norway, Poland and the Alps. All the sequences sampled in Trento, Monte Bondone, Sondrio, Asiago, France, Norway, Spain, and four out of five in Poland, comprising a total of 35 individuals, cluster together in group A3.
Finally, cluster B includes 13 out of 16 sequences sampled in the more eastern countries of Slovenia, Slovakia, Bulgaria and Hungary. Five other individuals within this cluster come from Austria (three), Tarvisio (one) and Poland (one). Interestingly, all the 17 sequences sampled in the Liguria area, where reintroductions have been extensive and documented, fall in cluster B. Ligurian sequences (indicated by an asterisk in Fig. 2 ) constitute a group of private haplotypes, well within cluster B but not sampled in other areas.
The evolutionary relationship between groups A1, A3 and B cannot be identified (whereas A2 is clearly related to A3). The robustness of these four groups of sequences, however, is confirmed by different tree or network reconstruction algorithms (maximum likelihood, maximum parsimony, neighbour-joining and the reduced median network). These results are not reported, since all the trees they generate are included in the network presented in Fig. 2 .
Population analysis
Areas or localities with a sample size equal to or greater than four have been considered in this analysis. The samples of Sondrio, Trieste and Hungary were therefore excluded, and the data set was reduced to 156 individuals and 17 localities.
Genetic diversity. No genetic diversity was observed in the Norwegian, Asiago and Castelporziano samples (Table 2) . For Norway and Asiago, however, the sample size was very small (five and four individuals, respectively), and the probability of finding a monomorphic sample of this size is not negligible even when the population is polymorphic. If we assume for example that the allelic counts have a simple multinomial distribution, and that the frequency of the most common allele in the population is 0.6, between 8 and 9% of the samples of size five will be monomorphic. On the other hand, the 17 identical sequences found in the Castelporziano reserve more clearly suggest that this population is genetically very homogeneous.
In the other localities, gene diversity H ranges between 0.18 (Trento) and 1.0 (France), and nucleotide diversity π ranges between 0.22% (Arezzo) and 1.1% (Poland) (see Table 2 ). These differences should not be taken at their face value, since standard deviations are high. However, a general pattern can be identified. Excluding the Liguria sample, where reintroduced individuals probably have different origins, genetic variation in several Italian samples seems lower than in other populations. This is probably a consequence of the isolation and/or smaller population sizes in central Italy. In addition, some non-Italian samples (Spain and Bulgaria) included individuals from different regions or from different sites in the same region (Poland), whereas Italian samples refer to more limited areas.
Finally, we note that nucleotide diversity π i computed assuming a Kimura two-parameters model and a gamma distribution for the mutation rates, is only slightly larger than π, suggesting only a small effect of homoplasy on this statistic.
Variance components. In the general analysis of the European populations, the genetic variance was subdivided into two components: within populations, and between populations. The results obtained including or excluding the monomorphic samples (first two lines in Table 3 ) confirm Fig. 2 The network of haplotypes (numbered as in Table 1 ). The size of the circles is proportional to the number of individuals found with that haplotype. Small black circles indicate missing haplotypes, whereas double lines correspond to indels. Asterisks identify the sequences of Ligurian origin. Four main clusters of haplotypes (A1, A2, A3 and B) are separated by dotted lines.
the presence of a strong genetic structure in the European roe deer: most of the genetic diversity reflects differences between populations, with Φ ST values around 0.6.
When the same type of analysis was repeated for the numerous Italian samples (lines 3 and 4 in Table 3 ), a similar degree of divergence between populations emerges, even when the monomorphic samples and the presumably reintroduced Ligurian samples are excluded.
We then analysed the Italian samples (excluding monomorphic samples and Liguria) subdividing the genetic variance into three components: within populations, between populations of the same geographical region, and between different regions (regions here are central Italy and the Alps). Partitioning the total variation in three hierarchical levels also allows the estimation of the relative divergence between populations of the same region (measured by Φ SC ) and between different regions (measured by Φ CT ). The percentage of the variability within populations is comparable to the previous analyses (line 5 in Table 3 ). Different populations within the same region are clearly differentiated (Φ SC = 0.58), but different regions are not (Φ CT not significantly different from 0). This result, however, does not indicate the absence of divergence between central Italy and Alps, which is evident from the network in Fig. 2 . Rather, it seems to be the consequence of the fact that in central Italy there are, in fact, two different gene pools, which are connected only through the most frequent Alpine haplotype: one is found in Florence and Arezzo, the other in Siena (and also in the monomorphic sample form Castelporziano). The heterogeneity of the central Italy group substantially reduces the Φ CT value, and this view is confirmed by the high Φ CT value obtained after subdividing n = sample size; k = number of haplotypes; H = gene diversity (Nei 1987) ; π = nucleotide diversity (%), with deletions weighted as substitutions; π i nucleotide diversity computed assuming a Kimura two-parameters model with deletions weighted as transversion and a gamma distribution for the mutation rate with α = 0.28. Sampling standard deviations (SD) for H are estimated following Nei (1987) , whereas we used the derivations by Tajima (1983) to estimate the SD of π and π i . The last line refers to the total sample of 160 sequences. The expected number of alleles in a population is strongly affected by the sample size; the value of k as a measure of genetic variability should therefore be interpreted with caution.
© 2002 Blackwell Science Ltd, Molecular Ecology, 11, 1285 -1297 the central Italian samples into two groups, Siena and Florence-Arezzo (see last line in Table 3 ). Finally, the pairwise comparison between all 17 populations (Table 4) again suggests high levels of genetic divergence. About 80% of the Φ ST values are larger than 0.3 (40% are larger than 0.6), but significance after sequential Bonferroni correction (Holm 1979 ) is only reached when large samples are involved in the comparison. The Φ ST and net number of substitutions for the Ligurian sample indicate a clear similarity with the Austrian, Slovenian and Slovakian samples.
Population tree. The population tree in Fig. 3 supports the results obtained from the network and the genetic variance analyses. The Ligurian sample clusters with the Bulgarian one and close to three other eastern populations (Slovakia, Slovenia and Austria). Castelporziano and Siena form a highly supported group, as well as Trento and Asiago. We note however, that the inferred divergence of the Trento + Asiago group is mainly due to a strong drift or sampling effect, since 14 out of 15 sequences in this group are identical. The Florence and Arezzo populations seem also very close genetically, but very different from their geographical neighbours from Siena and Castelporziano. Finally, a branch supported by 70% of the bootstrapped trees suggests an additional separation between two heterogeneous groups, one constituted by the easternmost samples (excluding Poland), Tarvisio, Liguria, Florence and Arezzo, and the other including the remaining samples. These two groups correspond approximately to the clusters A1 + B and A2 + A3 in the haplotype network of Fig. 2 , respectively.
Divergence times and neutrality tests. Divergence times were only estimated between five main groups of localities, in order to avoid major sampling effects. Groups here are genetically distant and well-defined clusters in the population tree. The results (Table 5) can be summarized as follows: (i) the shortest divergence time, only a few thousand years, is estimated between two populations in the Alps (Trento and Asiago) and the group of populations from France, Spain and Poland; (ii) these two groups of populations appear separated from the Central Italian populations of Siena and Castelporziano by around 10 000 -20 000 years; (iii) all the other comparisons suggest much larger divergence times, with the highest values (between 50 000 and 100 000 years depending on the mutation rate) estimated between the group of eastern and reintroduced samples of Bulgaria, Slovenia and Liguria and two groups of Italian samples, one in the Alps (Trento and Asiago) and the other in central Italy (Florence and Arezzo).
Tajima and Fu neutrality tests were separately applied to the five groups defined above. The results of these 10 tests produced nine negative deviations from the neutrality expectations (five of them statistically significant). The single positive value was not statistically significant. Only for the Florence-Arezzo group were both statistics (Tajima's D and and Fu's F s ) negative and significant. This result is not unexpected from a simple visual inspection of the network in Fig. 2 : the cluster A1, which includes all the sequences sampled in the Arezzo and Florence areas, has a typical star-like shape.
Discussion
The genetic structure of the European roe deer, as inferred from the mtDNA first hypervariable region, appears substantial. Populations differ significantly, with only 40% of the genetic variability shared between them and Φ ST values around 0.6. These levels of divergence are among the highest values observed among cervids (e.g. Gonzalez et al. 1998; Goodman et al. 2001; Hundertmarmark et al. 2002) or other terrestrial ungulates (e.g. Templeton 1999; Birungi & Arctander, 2000; Van Hooft et al. 2002; Nersting and Arctander, 2002) . Female philopatry, which is well documented in the roe deer in central Europe (Linnell et al. 1998) , and perhaps recent habitat fragmentation most probably played a role in differentiating local populations. However, when the genetic divergence between populations is analysed considering their geographical location, some interesting patterns seem to emerge, and additional explanations are needed.
In general, samples from geographically close areas tend to be more similar than samples from more distant regions. However, when all populations are simultaneously analysed with the Mantel procedure (Mantel 1967) , the correlation between genetic and geographical distances is not significant (P > 0.05 regardless of the measure of genetic distance considered). The model of isolation by distance appears therefore to be insufficient to explain the pattern of genetic variation in the roe deer, and at least three situations at three different geographical scales can justify this result. We will discuss them in turn. A possible explanation for these results can be related to a colonization process from an Iberian refugium. Before discussing this hypothesis, we note, however, that probably two additional groups of genetically similar sequences can be identified, which appear essentially restricted to two areas. A distinct group of haplotypes, called B in the network analysis, is mainly found in the easternmost populations analysed here (with the exception of the presumably reintroduced individuals sampled in the Italian Liguria sample). This cluster is separated by at least three mutations from all the other sequences. A second group of 11 haplotypes with an evident star-like shape, called A1 in the network, is restricted to the central Italian areas of Florence and Arezzo: 10 haplotypes belonging to cluster A1 are found in these samples, eight of them only there. Again, the population tree identifies a group of eastern samples and the central Italy group of Florence and Arezzo, and this result is confirmed by the pairwise Φ ST analysis: the average value amongst the easternmost samples of Bulgaria, Slovenia and Slovakia, and between Florence and Arezzo, is 0.30 and 0.33, respectively. Including the Liguria sample, where reintroduced individuals probably have different origins, increases the first figure only to 0.33.
Patterns and models of genetic variation in Europe
The pattern of relatively low genetic divergence within three major groups of populations in Europe is counterbalanced by the higher or much higher average Φ ST values between these groups. When the western-central European group is compared to the eastern and the Florence + Arezzo groups, average Φ ST becomes 0.45 and 0.59, respectively, whereas Φ ST = 0.71 in the comparison between the eastern and the Florence + Arezzo groups. The analysis of the net number of substitutions between populations instead of Φ ST as a measure of population divergence provides very similar results.
Several analyses point therefore to three major groups of mtDNA lineages distributed in three European areas, and a specific method (Dupanloup and Excoffier, unpublished) designed to recover the population grouping associated with the highest divergence between groups confirms this result. We therefore suggest that an ancient process of subdivision due to the Upper Pleistocene glaciations and the subsequent re-colonization from three Southern refugia (Iberia, Italy, Balkans) could have shaped the present genetic structure of the roe deer in Europe. The estimated divergence times between these three groups of populations are in the order of magnitude of several tens of thousand of years, depending on the mutation rate and assuming no subsequent gene flow. These dates are obviously approximate. Still, they give us the impression that the subdivision of these groups can be traced back to some intermediate ice ages after the Eamian interglacial (135 000 years ago), probably not the most recent glaciation around 20 000 years ago. The neutrality tests provide some evidence of a possible demographic expansion associated with the re-colonization process.
The hypothesis that the roe deer expanded from putative refugia in Iberia, Italy and the Balkans into northern Europe after each glacial maximum agrees with the reconstructed evolutionary history of several plant and animal species in Europe (Taberlet et al. 1998; Hewitt 1999) . In particular, the roe deer expansion resembles the so called 'bear pattern' (Hewitt 1999) , in that individuals from the Italian refugium did not spread over the Alps, and populations of Iberian origin prevail now in northern Europe. Consistent with this hypothesis, the genetic divergence (Φ ST ) between the three roe deer populations more clearly related to the putative southern refugia (Spain, Bulgaria and the central Italy area of Florence and Arezzo) falls in the 5% right tail of the frequency distribution of Φ ST empirically obtained by resampling with replacement 1000 groups of three nonmonomorphic populations from the complete data set (data not shown).
The divergence times between the three main groups of populations analysed here are shorter than the times estimated between refugium populations in other species (Taberlet et al. 1998; Hewitt 1999) . Two complementary explanations can account for this difference. First, previous estimates are based on haplotype divergence and not on methods specifically designed for the analysis of population divergence. The method we employed here (Gaggiotti and Excoffier, 2000) is specific for the analysis of populations. Removing the predivergence differentiation between alleles should avoid overestimation of divergence times. The second explanation is related to the demographic phenomena associated with the glaciations. Taberlet et al. (1998) suggest that divergence times may be long, compared to the age of the glaciations, because populations in the refugium areas were unaffected by glaciations. Estimated divergence time should therefore reflect the much earlier date of arrival of a species in the European continent. It is possible, however, that at least for the roe deer the refugia populations acted not only as source populations for postglacial expansions, but also received genetic contributions from other European populations during the glacial periods of range contractions. This hypothesis implies some level of genetic homogenization between refugia populations, possibly reflected in the shorter divergence times estimated in this study.
Finally, we note that Wiehler & Tiedemann (1998) proposed the hypothesis of a single west-Mediterranean refugium for the roe deer. Our results, based on a much larger sample, appear easier to reconcile with the threerefugia hypothesis.
Population structure in central Italy
A second important situation where a simple model of isolation by distance does not apply is represented by the central Italian samples. Despite short geographical distances, the Florence-Arezzo and the Siena-Castelporziano groups are genetically very different, with an estimated divergence time among the highest values observed in this study.
A possible explanation for this result is that the SienaCastelporziano group represents a second Italian refugium, separated between 10 000 and 20 000 years ago from the ancestors of the Alpine populations. This hypothesis would be consistent with the view that individuals from Castelporziano, sometimes assigned to the putative subspecies of Capreolus capreolus italicus, descend from a population isolated in refugium areas during the Pleistocene (Randi et al. 1998) . We note, however, that genetic divergence within the Siena-Castelporziano group is strongly affected by the monomorphism of the Castelporziano sample, probably due to the founder effect related to the artificial establishment of this population in historical times. As a consequence, estimated divergence times do not appear robust, and only two safe conclusions can be suggested. First, defining the Castelporziano population as a subspecies is not supported by the mtDNA data, unless one is willing to identify at least three or four subspecies of Capreolus capreolus. The genetic analysis of the isolated groups in Southern Italy (such as the Gargano and the Orsomarso populations) would hopefully clarify whether, at least in those areas, an Italian subspecies of roe deer can be recognized. Second, a very efficient barrier to gene flow must have prevented short-range migrations between two Central Italy regions. The Arno river seems a plausible candidate, as it has isolated the Florence and the Siena areas since the Pliocene (Bartolini & Pranzini 1981) .
What about restocking in central Italy? Different authors have postulated a substantial or negligible (Lorenzini et al. 1996) component of reintroduced individuals in these areas. As far as our samples are concerned, a substantial reintroduction of females can be excluded. The genetic analysis actually suggests that the populations from Firenze, Arezzo, Siena and Castelporziano have distinct genetic features, and the large number of mtDNA haplotypes found only in these areas is consistent with this view. The analysis of specimens conserved in museums since the beginning of the century (i.e. before the time when introductions are described) will hopefully clarify this point further.
The Liguria sample
The Liguria sample in northwestern Italy represents the third situation where genetic and geographical distances are clearly not correlated. In this case, however, the explanation is very simple: reintroduction of individuals is well documented in this area, where the local populations probably became extinct between the two World Wars. The network analysis and the population tree clearly identify the individuals sampled in Liguria as belonging to the Eastern European group. This result confirms historical records (provided by local authorities) of restoration of western Alpine populations with animals from Eastern European countries. The pairwise Φ ST values are also consistent with the suggested sources of reintroduced individuals in Austria and Slovenia, but do not exclude a more eastern origin in Slovakia. We note, however, that none of the Ligurian individuals share the same haplotype with specimens included by the network analysis in the Eastern Europe cluster B. The limited sample sizes could explain this finding (see for example Helgason et al. 2000) . It is also likely that the exact place, or places, of origin of reintroduced animals does not correspond exactly to the areas covered by our Eastern European samples. As a matter of fact, the substantial genetic variability observed in the Ligurian population is compatible with reintroduction from different source populations.
Final remarks: conservation and management implications
The data and the analyses we presented suggest that the hypervariable region of the mtDNA of the roe deer is geographically structured not only in Europe but also in Italy, which allows the identification of reintroduction events and more generally the description of geographical 'management units' (Moritz 1994 ). This marker therefore should be regarded as an important tool for developing conservation and management policies in the roe deer, since its analysis could provide helpful information before any decisions concerning selective hunting and/or reintroduction of animals are made.
